Motivated by the excess in the diphoton production rate of the Higgs boson at the Large Hadron Collider (LHC), we investigate the possibility that one of the CP-even Higgs bosons of the extra U (1) extended minimal supersymmetric standard model can give a consistent result. We scan the parameter space for a standard-model-like Higgs boson such that the mass is in the range of 124 − 127 GeV and the production rate σ · B of the W W * , ZZ * modes is consistent with the standard model (SM) values while that of γγ is enhanced relative to the SM value. We find that the SM-like Higgs boson is mostly the lightest CP-even Higgs boson and it has a strong mixing with the second lightest one, which is largely singletlike. The implications on Zγ production rate and properties of the other Higgs bosons are also studied.
I. INTRODUCTION
A boson of mass 125 GeV, almost consistent with the standard model (SM) Higgs boson, was recently discovered at the LHC experiments [1, 2] . The production rates of pp → h → W W * , ZZ * are consistent with the SM values while that of pp → h → γγ is somewhat higher than the SM expectation. On the other hand, fermionic modes bb and τ τ seem to be suppressed in the present data set, however, the uncertainties are still too large to say anything concrete. Nevertheless, the diphoton rate has seemed to stay above the SM prediction since 2011. If it is confirmed after collecting more data at the end of 2012, this would become a strong constraint on supersymmetry models and on other extended Higgs models.
In the minimal supersymmetric standard model (MSSM), the mass of the lightest CPeven Higgs boson can be raised to 125 GeV by a large radiative correction with a relatively large soft parameter A t [3, 4] . However, the more difficult requirement is to achieve an enhanced diphoton production rate gg → h → γγ relative to the SM prediction. One possibility is to have a light scalar tau (or stau), as light as 100 GeV, which is made possible by choosing the third generation slepton masses m L 3 , m E 3 ∼ 200 − 450 GeV, the parameter µ ∼ 200 − 1000 GeV, and large tan β ∼ 60 [4] . Such a light stau will soon be confirmed or ruled out at the LHC. Another possibility is to identify the heavier CP-even Higgs boson as the observed 125 GeV boson 1 and the enhancement of the diphoton rate is then made possible by a reduction in bb width [6] . In this case, all the other Higgs bosons are around or below 125 GeV, which will soon be uncovered at the LHC. Yet, one can also fine-tune the mixing angle (α) between the two CP-even Higgs bosons such that the observed one is mostly H u , the Higgs doublet that couples to the right-handed up-type quarks. In this case, one can achieve enhancement to the diphoton rate and suppression to the τ τ mode [7] . Among all these possible scenarios certain levels of fine-tuning are necessary to achieve a 125 Higgs boson and an enhanced diphoton rate.
It is quite well known that the next-to-minimal supersymmetric standard model (NMSSM)
gives additional tree-level contributions to the Higgs boson mass arising from the terms λSH u H d and κS 3 /3 in the superpotential and the corresponding soft terms. The 125 GeV CP-even Higgs boson can be obtained as either the lightest or the second lightest one, with-1 A similar consideration was also analyzed for the two-Higgs-doublet models in Ref. [5] .
out giving stress on the stop sector [8] [9] [10] . The diphoton production rate can be enhanced through the singlet-doublet mixing. The second lightest CP-even Higgs boson is the SM-like one while the lightest CP-even is more singletlike. The mixing between these two states substantially reduces the bb width of the SM-like Higgs boson, which then causes an increase of the branching ratio into γγ [8, 9] .
In this work, we consider the U( 3. the production rate for gg → h → γγ is enhanced relative to the SM prediction, namely,
4. other existing constraints such as Z invisible width and chargino mass bound are fulfilled.
In the chosen parameter space, we calculate the Zγ production rate and study the properties of the other Higgs bosons.
We organize the paper as follows. In the next section, we briefly describe the model (UMSSM) and summarize the formulas for the one loop decays of the CP-even Higgs bosons.
In Sec. III, we search for the parameter space in the model that satisfies the above requirements, and present the numerical results. We discuss and conclude in Sec. IV. Detailed expressions for the loop functions in the decay formulas are relegated to the Appendix.
Some recent studies on extended MSSM can be found in Ref. [15] and on extended electroweak models in Ref. [16] .
II. UMSSM
For illustrative purposes we use the popular grand unified models based on the exceptional group E 6 , which is anomaly free. The two most studied U(1) subgroups in the symmetry breaking chain of E 6 are
In E 6 each family of the left-handed fermions is embedded into a fundamental 27-plet, which decomposes under E 6 → SO(10) → SU(5) as
The SM fermions of each family together with an extra state identified as the conjugate of a right-handed neutrino are embedded into the 10, 5 * , and 1 of the 16. All the other states are exotic states required for the 27-plet of E 6 unification. In general, the two U(1) ψ and U(1) χ are allowed to mix as
where 0 ≤ θ E 6 < π is the mixing angle. The commonly studied Z ′ η model assumes the mixing angle θ E 6 = π − tan
Here we follow the common practice by assuming that all the exotic particles, other than the particle contents of the MSSM, are very heavy and well beyond the reaches of all current and planned colliders. For an excellent review of Z ′ models, see Ref. [11] .
The effective superpotential W eff involving the matter and Higgs superfields in UMSSM can be written as
where ǫ The Higgs doublet and singlet fields are
The scalar interactions are obtained by calculating the F -and D-terms of the superpotential, and by including the soft-SUSY-breaking terms. They are given in Refs. [12, 14] .
Now we can expand the Higgs fields after taking on VEVs as
It is well known that the lightest CP-even Higgs boson mass receives a substantial radiative mass correction in the MSSM. The same is true here for the UMSSM. Tree-level and radiative corrections to the mass matrix M tree have been given in Ref. [18] . We have included radiative corrections in our calculation. The interaction eigenstates φ u , φ d , φ s can be rotated into mass Higgs field (proportional to h s ).
A. Formulas for one loop decays of the CP-even Higgs bosons
We will present the relevant formulas for the one loop processes of h j → γγ, Zγ and gg.
The gg width is relevant for the gluon-fusion production cross section. The couplings of the neutral CP-even Higgs bosons with the SM gauge bosons and fermions, charged Higgs bosons, sfermions, charginos and neutralinos have been given in Refs. [12, 14] .
The γγ partial decay width of the CP-even Higgs boson (h j , j = 1, 2, 3) receives contributions from all charged particles running in the loop. It is given by
where the factor 3 in front of F t , F b , Ft, and Fb accounts for the color factor, and v 2 = v 
For the decay h j → Zγ, we have
The expressions for the loop functions G are given in the Appendix.
III. SCANNING OF PARAMETER SPACE
The UMSSM has the following parameters: MZ′, A s , the VEV S = v s / √ 2, and the Yukawa coupling h s , other than those of the MSSM: gaugino masses M 1,2,3 , squark masses
Mq, slepton masses Ml, soft parameters A t,b,τ , and tan β. The soft parameter M S can be expressed in terms of VEVs and couplings through the tadpole conditions. The effective µ parameter is given as µ eff = h s S . The other model parameters are fixed by the quantum
The most stringent limit on the Z ′ boson comes from the dilepton resonance search by ATLAS [2] . Nevertheless, we can avoid these Z ′ mass limits by assuming that the leptonic decay mode is suppressed. The mixing between the SM Z boson and the Z ′ can be suppressed by carefully choosing the tan β ≈ (Q [18] . In this work we do not impose these constraints in our parameter scan. However we note that we can always carefully choose the set of quantum numbers Q ′ such that both the Z ′ mass and mixing constraints can be evaded.
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We first fix most of the MSSM parameters (unless stated otherwise):
We also fix the UMSSM parameter:
while we scan the rest of the parameters in the following ranges
and
Note that the U(1) ′ gaugino mass, MZ′, is a soft-SUSY-breaking parameter, unlike the Z ′ boson mass which is fixed by the U(1) ′ coupling constant and quantum numbers, and the three VEVs.
A. Constraints
Charginos mass.-The chargino sector of the UMSSM is the same as that of MSSM with the following chargino mass matrix
2 Such a Z ′ boson is still subjected to the dijet resonance searches. The CMS Collaboration has published a search for dijet resonances [20] , one of which is the Z ′ model with the SM couplings. The production cross section curve of the Z ′ barely touches the upper-limit curve and thus receives no constraint. The Z ′ boson in our case has a smaller coupling down by g 2 /g 1 ≈ 0.62, and so the production cross section is down by (0.62) 2 = 0.38. Similarly, it is true for the dijet resonance search in the mass range 260 − 1400
GeV by the CDF Collaboration [21] , which ruled out a part of this Z ′ mass range when the Z ′ has the SM couplings. Again, in our case when the production cross section is down by 0.38, the constraint is moot.
For an even lower mass range of dijet resonance search the relevant data came from UA2. However, for the Z ′ model with a coupling g 2 /g 1 = 0.62 it has been shown to be safe with the UA2 data in [22] .
Thus, the two charginos masses depend on M 2 , µ eff = h s v s / √ 2, and tan β. The current bound for the lighter chargino mass is mχ 1 ± > 94 GeV as long as its mass difference with the lightest supersymmetric particle (LSP) is larger than 3 GeV [23] . We impose this chargino mass bound in our scans in the parameter space defined by (11) and (12) .
Invisible width of the Z boson.-The lightest neutralinoχ 0 1 is the LSP of the model, and thus would be stable and invisible. When the Z boson decays into a pair of LSPs, it would give rise to an invisible width of the Z boson, which had been tightly constrained by experiments. The current bound of the Z invisible width is Γ inv (Z) < 3 MeV at about 95% C.L. [23] . The coupling of the Z boson to the lightest neutralino is given by
where N is the orthogonal matrix that diagonalized the neutralino mass matrix. The contribution to the Z boson invisible width is
Note that the Z boson would not couple to the singlino component, and we have assumed negligible mixing between Z and Z ′ bosons; therefore the Z boson would not couple to the Z ′ -ino component either. Here we impose the experimental constraint on the invisible Z width. The constraint of fulfilling the relic density by the LSP will be ignored in this work. , where
Mass of the
all the allowed points we have k = 1 for the SM-like Higgs boson. We choose the allowable mass range for the SM-like Higgs boson in our analysis as 124 GeV < m h SM−like < 127 GeV .
The production rate of various channels of the Higgs boson relative to the SM prediction is defined as 
respectively. We require in our scan 0.5 < R W W * , R ZZ * < 1.5 ,
Current limits on the pseudoscalar Higgs boson (A) come from the LEP searches in the associated production with a scalar Higgs boson (H) of e + e − → Z * → AH. In those MSSM-extended models, such as NMSSM, where multiple scalar and pseudoscalar Higgs bosons exist, the constraint could be severe. However, there is only one pseudoscalar Higgs boson in the UMSSM and in our choice of parameters it is often heavier than a few hundred GeV. Thus, it is not constrained by the current limits. Similarly, the charged Higgs boson is also heavy and not constrained by current searches.
B. Numerical results
We start with h s = 0.4 and show relative production rates, as defined by Eq. (17), in component O 2 13 for h 1 becomes larger and so does R γγ . The R γγ is enhanced mainly due to a reduced total width, which is dominated by the bb width. In order to fully understand the enhancement of diphotons, we show the branching ratio B(h 1 → bb) versus (a) m h 2 and (b) R γγ in Fig. 2 . In Fig. 2 (a) we can see that the branching ratio into bb decreases as m h 2 approaches m h 1 , where the mixing is the strongest. Also, in Fig. 2 An interesting prediction is the relative production rate of R Zγ , which can probe various Higgs-sector extensions [24] . In the SM, B(h SM → Zγ) is smaller than B(h SM → γγ). We show the correlation between R Zγ and R γγ for h s = 0.35, 0.4, 0.45 in Fig. 5 , in which the points shown already satisfy the constraints listed above. All the points that receive enhancement in the γγ channel also receive enhancement in the Zγ channel. However, for most of the points R Zγ is less than R γγ , indicated by the points below the green line
It is instructional to list a few selected points in the allowed parameter space, as shown in Table I . The masses m h SM−like are all around 124 − 126 GeV and m h 2 are around 150 − 160
GeV so that the singlet-doublet mixing is strong but not maximal. The bb width is reduced by a moderate amount because we have set that the singlet fraction cannot be too large (O 2 13 < 1/3). Therefore, we can see R W W * and R ZZ * are enhanced by about 10 − 15%. The R γγ is enhanced by about 60% and R Zγ by about 40%. In the future, if experiments can measure R γγ , R W W * , and R ZZ * to better precision, one could tell whether the enhancement in R γγ is due to singlet-doublet mixing.
Note that the lightest neutralinoχ 0.25. This is in accord with a recent model-independent study on the Higgs boson couplings that the nonstandard Higgs decay branching ratio is constrained to be less than about 0.25 [25] .
IV. DISCUSSION AND CONCLUSIONS
There are two ways to enhance the diphoton production rate, either by increasing the absolute width into γγ or by reducing the total width of the Higgs boson (which is dominated by the bb width at 125 GeV). The former is possible if an extra light charged particle is running in the triangular loop, e.g., a light stau [4] , in the MSSM. The latter effect is possible if the SM-like Higgs boson has a large mixing with another singlet-like Higgs boson, e.g., in the NMSSM [8] , such that the bb width is reduced by the mixing and therefore the γγ branching ratio is enhanced.
For the choice of UMSSM parameters all the extra charged particles like the stau, top squark, sbottom and the charged Higgs boson are relatively heavy. We have searched in the parameter space of UMSSM under the constraints of current Higgs boson data, charginomass bound, and Z invisible width. We found that (1) the enhancement of the diphoton production rate is mainly due to the mixing between the Higgs doublets and singlet, and (2) the lightest CP-even Higgs boson is SM-like while the second lightest is more singletlike. This is in contrast to the case of NMSSM, in which the lightest is singletlike and the second lightest is SM-like.
Before closing, we offer a few more comments as follows.
1. The relative production rate R Zγ mostly goes in the same direction as R γγ , though the amount of enhancement in R Zγ is less than R γγ . The probing of the Zγ mode of the observed Higgs boson is an interesting test for the Higgs boson from the SM or from its extensions. In the present luminosity, it is rather difficult to probe the Zγ because it suffers an additional suppression from the leptonic branching ratio of the Z boson.
2. Almost all of the points have R W W * between 1.0 and 1.4. This is easy to understand because R γγ is enhanced by a reduced total width. Therefore, the W W * and ZZ * branching ratios also increase. The partial decay width for h j → γγ is given by Eq.(6). The loop functions are given by
for non-SUSY particles and
for sparticles with x X = 4m The couplings entering into the loop functions for the non-SUSY particles are where θf is the mixing angle betweenf L andf R to obtain the physical mass eigenstatesf 1 andf 2 . For the Zγ case, we also need the off-diagonal term
The expressions of R L,R,RL t,b
where we have defined by appropriate substitutions.
For the chargino loop, we have
where U and V are the two unitary matrices that diagonalize the chargino mass matrix.
For the charginos, the couplings are
The partial decay width for h j → gg is given by Eq.(7). The loop functions F f and Ff for the colored particles are the same as in the case of h j → γγ given by Eqs.(A1) and (A4) respectively.
